Summary.-Profound changes in the level of certain dehydrogenase enzymes were observed in lymphoid tissues of rats involved by erythroblastic stem cell leukaemia. In lymphoid tissues free of leukaemic involvement, activity of malate dehydrogenase (MDH) always exceeded that of lactate dehydrogenase (LDH). In those which contained substantial infiltrates of leukaemic cells, activity of LDH was increased while MDH activity was reduced. In leukaemic spleen significant changes were observed in the molecular forms of LDH; the proportion of LDH-5 (muscle-type LDH) was greatly increased while the other molecular forms were reduced. The spleen of rats with leukaemia exhibited a marked increase in the normal level of aerobic and anaerobic glycolysis but the rate of respiration was unchanged.
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The terminal stages of stem cell leukaemia in the rat are characterized by widespread leukaemic infiltration of liver and other tissues. Lymph node involvement, however, was found to be selective. Coeliac lymph nodes greatly exceeded other lymph node groups in their incidence of leukaemic involvement. It is considered that the selective nature of lymph node involvement in stem cell leukaemia derives from topographical considerations.
ERYTHROBLASTIC stem cell leukaemia can be induced rapidly (<100 days) and in high yield (70-80 %) with repeated pulse-doses of homogenates of 7,12-dimethylbenz(a)anthracene and 7,8,12-trimethylbenz(a) anthracene (TMBA) in Long-Evans (L-E) rats (Huggins and Sugiyama, 1966; Huggins, Grand and Oka, 1970) . The terminal stages of this type of leukaemia are characterized by massive proliferation of leukaemic cells in hepatic sinusoids. The thymus, however, remains uninvolved although it is usually atrophied. Allogeneic transplantation of leukaemic stem cells can be readily achieved (Huggins and Sugiyama, 1966;  Huggins and Kuwahara, 1967; Sugiyama, Kurita and Nishizuka, 1969) . Specific chromosomal changes have been demonstrated in bone marrow cells of leukaemic animals (Sugiyama, Kurita and Nishizuka, 1967; Sugiyama and Brillantes, 1970; Rees, Majumdar and Shuck, 1970) .
The morphological and biochemical changes observed in the spleen and bone marrow of the rat during evolution of leukaemia have been described (Bird and Huggins, 1971; Bird, 1972 (Drabkin and Austin, 1935-36) . Peripheral blood smears were fixed in 100% methanol and stained with Giemsa stain. For histological studies tissues were fixed in Bouin's solution and paraffin sections stained with haematoxylin and eosin.
The preparation of tissue homogenates for enzyme study has already been described (Bird and Huggins, 1971) . After centrifugation, the supernatant was removed and kept at 4°C until enzyme assay was performed. Spectrophotometric determinations were made with a Beckman Model DU spectrophotometer using optical cells with a 1 cm light path. LDH (L-lactate: nicotinamide adenine dinucleotide (NAD) oxidoreductase, E.C.1.1.1.27) and MDH (L-malate: NAD oxidoreductase, E.C. 1.1.1.37) activities were measured concurrently (Rees and Huggins, 1960) . The initial velocity of the reaction was measured under conditions which yielded zero-order kinetics. One unit of LDH or MDH is defined as the enzyme activity which resulted in oxidation of 1 ,umol of NADH in 1 min at 25°C. All enzyme units are expressed in terms of 1 g wet weight of tissue.
Tissue slices for metabolic studies were cut with a Stadie-Riggs microtome (Stadie and Riggs, 1944) . Respiration was determined manometrically at 37°C in Warburg flasks containing 0-2 ml of 20% potassium hydroxide on a filter paper roll in the centre well. The slices were immersed in 2 ml of Krebs-Ringer phosphate solution (Umbreit, Burris and Stauffer, 1964) at pH 7-4 with 0 2% glucose, but without calcium. The gas phase was 100% 02. Glycolysis was measured at 370 C in flasks containing 2 ml of Krebs-Ringer bicarbonate solution (Umbreit et al., 1964) , at pH 7*4 with 0 2% glucose, but without calcium. For aerobic glycolysis the gas phase was 95% 02-5% CO2 and for anaerobic glycolysis 95% N2-5% C02. Glycolysis was estimated by measuring the amount of lactic acid (Barker and Summerson, 1941) Data are presented as mean ± standard deviation; statistical significance between means was determined by Student's t test and a P value < 0 05 was considered significant.
RESULTS

Haematological changes in leulkaemia
Leukaemia was evoked in 20 female rats with 4 intravenous pulse-doses of 7,8,12-TMBA, 30-35 mg/kg body weight, at 14-day intervals beginning at 50 days of age. Haematological studies were performed at age 148 + 29 days when leukaemia was at an advanced stage. Ten untreated female rats aged 148 days served as controls.
In rats with leukaemia there was severe anaemia and the number of circulating erythrocytes was greatly reduced Four visceral and 2 superficial groups of lymph nodes were excised for histological study. They were designated and located as follows: (1) coeliac-in the retroperitoneal tissues surrounding the coeliac artery; (2) mesenteric in the folds of the intestinal mesentery adjacent to the caecum; (3) iliac-in the retroperitoneal space adjacent to the aortic bifurcation; (4) mediastinal lateral to the thymus; (5) axillary in the loose fascia of the axilla; (6) inguinal-in the subcutaneous tissues of the groin. All lymph nodes were sectioned at multiple levels. Leukaemic cell deposits were found in the coeliac group of lymph nodes of all leukaemic animals. Fifteen leukaemic rats (60%) also showed leukaemic infiltrates in mediastinal lymph nodes while iliac lymph nodes were involved in 6 leukaemic animals (24 0.). In one animal a deposit of leukaemic cells was found in one mesenteric lymph node but no animals showed involvement of axillary or inguinal lymph nodes (Table II) . The proportion of individual lymph nodes involved by leukaemia showed a similar selective pattern of involvement. Thus, 67 % of all coeliac, 32 % of mediastinal, 9 % of iliac and 0-8 % of mesenteric lymph nodes were found to contain deposits of leukaemic cells (Table II) . The earliest leukaemic cell deposits were found in the peripheral sinuses of lymph nodes, and later infiltration of deeper parts of the node occurred. In leukaemic rats the mean weight of coeliac and mediastinal lymph nodes was approximately equal to that of untreated controls but with other lymph node groups atrophy of lymphoid elements was observed and there was significant reduction in mean lymph node weight (Table II) . Essentially similar changes were found in the lymph nodes of groups of male rats with leukaemia.
LDH and MDH activity in lymphoid tissues
Leukaemia was induced in 12 male rats with 4 intravenous doses of 7,8,12-TMBA, 30-35 mg/kg body weight, at 10-day intervals beginning at age 28 days. They were killed at age 120 + 14 days. Ten untreated male control rats were killed at age 107 ± 7 days. Histological confirmation of leukaemia was obtained for each tissue examined biochemically.
Measurement of LDH and MDH activity was performed concurrently; it has been found useful to relate the activity of these enzymes as a quotient, Q LDH (Reddi and Huggins, 1971) .
In the lymphoid tissues of normal rats MDH activity always exceeded that of LDH, and the Q MDH < 1 (Table III) .
But in leukaemia, activity of LDH in spleen and coeliac lymph nodes was increased whereas MDH was reduced; thus Q MDH > 1 (Table III) . By comparison, mesenteric lymph nodes of leukamic rats, which virtually never contained leukaemic infiltrates (Table II) , 96-8±9-6 . 1359±10-5 0-71±0-06 * 12 leukaemic rats and 10 untreated male controls were studied. Enzyme activity = units/g wet weight as defined. Mean values ± S.D. given. tP < 0-005. t P < 0-001. §P < 0-01.
showed no significant change in the normal levels of enzyme activity.
Respiration, glycolysis and dehydrogenase activity of leukaemic spleen Leukaemia was induced in 10 female rats with 4 intravenous doses of 7,8,12-TMBA, 30-35 mg/kg body weight, at 14-day intervals beginning at age 50 days. Animals were killed at age 142 i 30 days when leukaemia was at an advanced stage. Eight untreated female rats aged 122 ± 29 days served as controls.
The respiration values obtained for spleens of leukaemic rats were similar to those shown by untreated control rats (Table IV) . However, in rats with leukaemia a marked increase in the rate of aerobic and anaerobic glycolysis was observed (Table IV) .
LDH isoenzymes in leukaemic spleen
Leukaemia was induced in 8 female rats with 4 intravenous injections of (Table V) .
DISCUSSION
Concurrent measurement of LDH and MDH activity in tissues containing substantial infiltrates of leukaemic stem cells has revealed a striking change in the relative proportion of these critical enzymes. It has been shown previously that repeated hydrocarbon treatment by itself has little influence on the level of splenic dehydrogenase activity before leukaemia has evolved (Bird and Huggins, 1971) . Therefore it seems reasonable to ascribe the changes in enzyme activity to intrinsic properties of the leukaemic stem cells. Moreover, Rees and Huggins (1960) have shown a similar change in the relative proportion of LDH and MDH in mammary cancers of rodents compared with the hyperplastic mammary glands of rats in pregnancy and lactation. LDH and MDH are essential enzymes for glycolytic and oxidative metabolic pathways of both normal and neoplastic tissues (Aisenberg, 1961) . Since a high rate of glycolysis is a characteristic feature of virtually all rapidly growing cancers it was suggested (Bird and Huggins, 1971; Bird, 1972) that the alteration in the relative proportion of LDH and MDH might be attributed to a change in the metabolism of leukaemic tissues. We have shown in the experiments reported here, that the spleen of leukaemic rats exhibits a considerable increase in the normal rate of glycolysis both in the presence and absence of oxygen. Thus, the increased level of LDH activity correlates well with the elevation of glycolytic activity. Furthermore, a characteristic change was observed in the molecular forms of LDH in leukaemic spleen; the proportion of LDH5, muscle (M)-type LDH, was greatly increased. A similar increase in M-type LDH has been observed in a large series of malignant human tumours (Goldman, Kaplan and Hall, 1964) . It has been suggested that this molecular form of LDH is best adapted functionally for anaerobic metabolism (Cahn et al., 1962) ; but a marked reduction of MDH activity was also observed in leukaemic tissues despite the fact that in leukaemic spleen no significant change occurred in the respiration rate. It is apparent, therefore, that concurrent measurements of LDH and MDH activity may not relate directly to the levels of tissue respiration and glycolysis estimated by conventional methods. Nevertheless, the striking alteration in the relative proportion of these enzymes in leukaemic tissues is a remarkably constant finding and while the precise significance of this change clearly awaits further elucidation, it is highly suggestive of some alteration in the metabolic characteristics of leukaemic tissues.
The selective nature of lymph node involvement in stem cell leukaemia is of interest. Coeliac lymph nodes greatly exceeded the other groups in their incidence of leukaemic involvement. Huggins and Froehlich (1966) also found, during a study of the distribution of injected titanium dioxide (TiO 2) in the rat, that coeliac lymph nodes appeared to possess a distinctive scavenging property which set them apart from other reticuloendothelial tissues. However, the great accumulation of TiO2 in coeliac nodes was attributed to their topography rather than unusual chemical characteristics since these nodes are the chief filters of hepatic lymph.
In the terminal stages of stem cell leukaemia induced with TMBA, the liver contains large numbers of leukaemic cells which filter first in hepatic lymph to coeliac lymph nodes. Thereafter, hepatic lymph drains through the cisterna chyli to the thoracic duct and thence to the jugular vein, receiving lymphatic tributaries in the abdomen and chest from the iliac and mediastinal lymph nodes. It is postulated that metastatic seeding of the leukaemic stem cells within these channels according to the predominant flow of lymph, accounts for the selective pattern of lymph node involvement in leukaemia. It was suggested previously (Huggins and Froehlich, 1966 ) that in lymphoblastic leukaemia of AK mice (Pollard, Kajima and Teah, 1965) , where liver is frequently involved, that specific involvement of lymph nodes in the coeliac region might occur for a similar reason.
